ABSTRACT. The effects of electric service interruptions resulting from severe power outages were investigated and analyzed. Two approaches have been developed and used. One is based on customers survey that mainly investigates the preparatory actions that a consumer may take to reduce the effects of outages. The other one is based on a mathematical model that focuses on the value of foregone leisure and ceased activities should outages occur in specific periods. The residential consumer in the city of Riyadh has been selected as a practical case to conduct this study. It has been found that this sector -which constitutes about 700/0 of the Saudi Consolidated Electric Company in the central region (SCECO-c) energy consumers -will suffer tangible and intangible losses should outages occur, particularly in summer time, and last for longer durations. This paper provides new information and data that can be used in a broad range of cost-benefit analyses in power system planning, design and operation.
Introduction
Electric service interruptions occur when system capacity, due to severe power outages, is insufficient to meet the system load levels. During these periods of inadequacy, outage costs will be borne by the utility, its customers and perhaps, by' the entire society. The utility outage costs include loss of revenue, loss of future sales and increased repair expenditure and maintenance. These costs usually form only a small part of the total outages costs. The greater part is that borne by the consumers. The outage costs depend on many factors and situations, some of which are discussed in the following sections. The problem of estimating outage costs is affected by the perceived costs of an electric outage and the point in time when a consumer would like to buy electric energy but is unable to do so. Since there are different classes of consumers, each will tolerate loss of service differently. A residential consumer may suffer a great deal of hardship if an outage occurs during a hot summer day or while he is engaging in domestic activities but it may be of little inconvenience to a commercial user who is forced to close until power is restored. Also an outage may cause a great loss to an industrial user if it occurs during the time of the production process. Therefore, consumers do not perceive service interruption to the same degree of hardship.
The outage costs to a particular consumer depend also on the alternatives available to that individual at the time of service interruption. If the outages are not expected, the consumer may have very limited alternatives and may incur a great loss. On the other hand, if an adequate warning is given, the losses may be averted or mitigated. Also, as an outage continues or spreads to a larger subset of society, the society cost will tend to increase and will include such indirect costs as effects of anxiety, loss of products, food spoilage, health hazards, ... ,etc. The major aspect of outage costs estimation is to assess the worth of po\ver system rel~ability in order to compare it with the cost of power system so as to establish an appropriate system reliability level. In this regard, it is important to realize that, while the evaluation of power sytem reliability has become a well established practice over the last decade, the assessment of the worth of reliability or conversely, the estimation of costs of losses, which result from system unreliability, is still immature. The major reason for this is that quantification of interruption costs is an intricate and often a subjective task.
Literature Review
A review of the literature reveals numerous studies directed to estimate residential outage costs. Krohm[l] considered that the impacts of outages upon residential consumer can be measured as the disruption of household preferred consumption pattern by time-of-day. A measure of the resultant reduction in the household welfare level due to inconvenience, loss leisure, ... etc., is its willingness-to-pay to avoid the outages. Koval and Billinton [2] developed a statistical method and showed that the outage costs vary in a non-linear way with durations. Munasinghe [3] considered that the main outage costs is the loss of evening leisure time which can be evaluated at the household income. The Swedish study [4 1 was obtained by direct questioning to the customers and through worked examEles based on actual losses, household activities, and leisure time. Wacker et ale [ ,6] and Billinton et ale [7] used three survey approaches. Two of these approaches were considered with tariff changes that would be commensurate with specified changes in system reliability, while the third approach was concerned with the type of preparatory actions that consumers may take during outages periods. Also Billinton et ale [8] relate the costs to the expected energy not served by using a frequency and duration approach and Mont Carlo simulation. Shaalan [9] used a customer survey to estimate the outa~escosts for major customer's categories (i.e., residential, commercial, industrial). The method adopted was based on the customer's survey to assess damage that may result due to power outages. Corwin and Miles in their work [lO] , discussed the impacts of power outages upon sociallife. Markel et ale study [ll] derived residential customer losses on the basis of the depreciation of all household electrical appliances for the duration of power outages. Lundberg [12] discussed survey results from Swedish, French, and British utilities concerning customer's costs of power outages. These results were estimated on basis of lost leisure time and income rate. The monetary value was determined using average residential loads and occupancy. Sanghvi [13 1 discussed the value of service (VOS) as an approach -which is based on customer choices regarding reliability worth and service costs -to be evaluated and incorporated into the planning process.
The data extracted from these studies are 'of significant contribution to the reliability-based power sytem planning[14-24 1 • These approaches, however, are not strictly comparable, the major reason being that the cases, scenarios, data, and modelling techniques are not identical.
Consumers Response to Survey Questionnaires
The objective of this work is to explore the impact of outages upon the residential sector in the city of Riyadh. Riyadh is the capital of Saudi Arabia and the largest city within the SCECO-c service area. The methodology used is shown in Appendix A. This methodology underwent an extensive developmental process. This involved an iterative approach consisting of the identification of factors to be included, design and development of the questionnaires and small scale testing of the questionnaires using interviews with sample users. A limitation to this approach is that long or frequent outages have not been experienced by the respondents and the nature and extent of the effects are unknown. It was concluded that the actual experience approach is not feasible and that the questionnaire design could assist respondents in making reasonable predictions as to the degree of the effects and what their perceptions and reactions might be.
The data used in this study is based on 512 responses selected from 626 questionnaires. The selected survey involved samples of residential consumers in Riyadh city. The respondents were asked to provide information concerning their views toward supply reliability, outages, occurrences, quality of service offered, degree of hardship and discomfort as a result of service interruptions, the customer willingness-to-pay to avert an outage(s), impact of service interruptions at critical periods such as evenings, leisure times and summer where t~~peak load normally occurs, their types of dwellings and their wages and sources of incomes. All respondents in the survey indicated that supply is reliable with one or two outages lasted only for short durations. Also, majority have agreed that the present tariff is reasonable. A direct estimate of outage costs was obtained by asking consumers to perceive the hardship and irritation of power outages and how much extra they would be willing to pay to avoid outages of different durations during summer time (questions 2 and 3). Many consumers indicated that, for outages within few~inutes, no willingness to pay and that they would sit out the inconvenience rather than to pay, and for outages over one hour the tendency towards willingness to pay increases sharply as consumers were willing to pay large sums of money, i. e., the impact of outages upon the consumers welfare becomes substantial and intolerable (question 4). The daily leisure period during which electricity was considered valuable and occurred within the interval of 1830 to 2330 hours. Approximately 15 percent was devoted to dininng, 30 percent to television watching, 40 percent to family gatherings and entertaining guests and the remainder to other activities such as reading and conversing (question 5). The remaining questions (6-8) were mixed of attitudinal and demographic type of questions that seek information about the consumer, i.e., his attitude about the structure of current tariff, size and cost of electricity consumption, type of dwelling, size of family, net income. After having verified the importance of these information, some are exhibited in the following sections and some are used in the mathematical model that will be developed later.
Residential Income vs. Electricity Consumption
The basic unit for analyzing residential consumption was the average household of six persons. This mean household size of six persons was approximately constant over all income classes and was also assumed to remain unchanged in the future. Using SCECO's billing data as well as income data and average monthly consumption from residential survey, it was possible to plot the curve of average monthly household energy consumption against income as 
Levels ofHardship with Outages
To explore the extent of respondents' discomfort, anxiety and adversity during service interruptions, they have been asked to give, based on a scale varying from 0 (no hardship) to 5 (extreme hardship) their level of hardship of not being able to use major electrical appliances such as kitchen devices, washing machines, air conditioners, lights. Their responses are depicted in Fig. 2 . It is noticed from the figure that the most critical devices that the residential consumers will not be able to use should an outage occur, are mainly air conditioners followed closely by loss of lighting and less closely by kitchen facilities and washing machines. 
Cost Estimation Based on Customer's Perception
Most of outages effects, as has been noticed ( Fig. 2 ) are intangible and cannot be assessed in terms of monetary values and a single complete measure of the worth of reliability of supply to residential users is difficult if not impossible to obtain. The question which is appropriate to ask is: "What set of estimations should an analyst or a planner use as a criterion for reliability worth?". The answer depends on practical and theoretical structure of the analyses. In general, it is the author's opinion that one of the most suitable estimates of reliability worth is the customer's preparatory actions during outages and his willingness-to-pay to avert their occurrences. This approach is practically sound and more related to the perception of the residential customer and to his energy requirements. To seek the customer's readiness and type of preparatory actions that he takes against system failure, respondents were' directed to suppose that they have been told by their power company that unexpected power outages will occur daily in summer time for various durations and asked to predict which action(s) they might take in preparation for the outages (Question 3). The costs quoted in the list of actions are used to compute an estimate of the cost of preparations that respondents indicate that they are willing to undertake to eliminate or at least to mitigate the adverse effects of the outages. Also, the survey aims to explore to what extent they are willing to pay to avert service cessation. Therefore, it is suggested (Question 4) that the power system has become subject to more freque'nt power outages: To increase system reliability, the company may add generating units and/or reinforce its network facilities which may result in tariff increase. Hence, the question postulates daily power outages in summer period for durations of 20 minutes, 1 hour, 4 hours, and 8 hours. A range of possible tariff rate increases is proposed and the respondents are asked to perceive and assess the possible damage resulting from service interruptions and consequently to discern the fair and appropriate rate increases based on the prevailing present tariff structure. The data reported by the customers is exhibited by Fig. 3 . The survey results show that a signific-ant number of respondents were willing to pay higher rate for even up to 20% above the cost of the normal charge to avert prolong outage durations. The willingness-topay, however, becomes less when more rate increase is suggested or less frequent outages are proposed.
The cost per outage estimated as above are probably the most meaningful for the residential user group but the cost/kWh and cost/kW are determined as well for comparison with other studies and for planning purposes. These are presented in Table 1 and portrayed by Fig. 3 . The SRlkWh estimates were obtained by weighting the respondent monthly "energy consumption and payment and converted to a per outage basis to make the estimate consistent. The second part of the table lists the costs divided by the estimated peak demand which was determined from the user's one year consumption history by assuming a prevailing load factor of 190;0. 
Developed Mathematical Model
The domestic activities are normally viewed as productive units but estimation of outage cost is not straightforward. This is because most of the "output" such as leisure, household activity are consumed within the household and cannot be assessed as monetary values. The most important household outputs that use electricity as a principal commodity are housekeeping, leisure and nutrition.
Consider a typical household that maximizes utility over some period of time. Utility U is expressed as a function of leisure type D that cannot be enjoyed without electricity and income K (net of expenses incurred to enjoy the leisure, which represents all other consumption : Next, leisure type D is specified as a function of inputs, time t (hours), electricity consumption c (kWh), flow of services s from the stock of electricity using air-conditioner and other input represented by z.
Furthermore, c and s may be written as a functions of the stock of electricity using capital i, the value of appliances annuitized over their useful life, and of time t which is a measure of intensivity of use. Therefore, c = c ( i, t) and S = s ( i, t ). The household budget constraint may be written as
K= w{H-t)-p·c-b·i-f·z
where w = effective hourly net income earning rate; H = maximum feasible number of hours of work in the time period; p = mean price for each kWh of electric energy; b = equivalent income foregone for each unit of i in the same period;! = cost for each unit of other inputs z used.
Maximizing utility subject to the linear budget constraint is equivalent to unconstrained maximization of the expression 
Multiplying equations (1, 2, 3) by dt, dk, and dx respectively, summing the three re-I suIting equations, and rearranging terms yields
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aD w Dividing Eq. (6) by Eq. (4) yields an expression involving the marginal willingnessto-pay ( MWTP ) for electricity dependent leisure, keeping utility constant as derived from the consumer's long run decision
By definition, MWTPK D measures the marginal equ~valent monetary value of electricity -dependent leis~re; that is, it is the tariff increase that the consumer is willing to pay to just compensate for his leisure foregone due to electric service interruptions. Consider the effect of an unexpected outage during the evening when the family is enjoying leisure type S. During the outage, it can be argued that c and s depend only on t. This assumes a coherent type of relation between i, c, and s. For example, in any considered short period of time, electricity use may be linearly proportional to time. Therefore, it is possible to write c = cP(t)
Using the above expressions to evaluate equation (7), and r~placing dD by ilD, and so on
Thus, the left side of Eq. (8) represents the overall welfare decrease because of an incremental loss of leisure il D resulting from the unexpected outage of duration L1 t;
the right side measures the value of the inputs necessary to produce the leisure. The term ( b . il i ) is interpreted as representing the value of the input of electricity-using equipment that is foregone during the outage. If the income foregone in each period ( bi ) is uniformly distributed over the leisure period t during which the equipment is used, then the average value of appliance input for every unit of leisure time is bi / t,
The household's electricity bill, however, will also be reduced by the amount p. ( a cf> / at). il t from kWh not used during the outage. Therefore, the net incremental welfare loss or outage cost ( OC ) may be written
Equation (9) measures the welfare change caused by an incremental change in the availability of electricty-dependent leisure il D, in terms of the value of the inputs: L1 t, L1 i and L1 z which are required to produce this leisure.
Outage Cost Estimation Based on the Mathematical Model
As mentioned in earlier discussion, residential outage cost is difficult to evaluate because of the nonmarketable nature of the household outputs produced by using electricity. Sometimes, data on wages and income are far easier to obtain than information on the use of appliances and other inputs. Fortunately in most cases the dominant factor in Eq. (9) is the income element. Look to Appendix B and take for example the air-conditioner, which is the most valuable appliance that a consumer could enjoy in a hot summer time. Assuming a purchase price of SR 1300 and a six year lifetime and a discount rate of 10 % , the annuitized value is SR 298 a year. For a device that is used 14 hours a day on the average, the corresponding value of b. il i is SR 0.44 an hour of outage, which is likely to be a negligible amount. Similarly, the term f. L1 z is also likely to be relatively insignificant.
It may be concluded that the difficulties of obtaining data on ownership of electrical appliances or other inputs used during leisure time will usually far outweigh any resulting refinement to the basic estimate of outage cost that is derived purely on the basis of more readily available income data. Therefore, in practice the following expression may be used as a good approximation to Eq. (9) L1 OC::::: w· L1 t (10) In practical terms, there is an indirect link between the household activity and income summarized in Eq. (10) and as shown in earlier in Fig. 1 . The outage costs and family income are positively correlated. This is a principal advantage of using foregone leisure and lost household activities to estimate the outage cost of residential consumers where the availability of easy-to-obtain income data. Often a good correlation between family income and energy consumption could be obtained by survey questionnaires (Appendix A). The theoretical outage cost has been estimated as displayed in Fig. 4 . 
Comparison of Survey and Theoretical Results
In this research, two main approaches were attempted. The first one involves the choice of valuation methodology; two were considered and discussed. An obvious approach is a rate increase approach, wherein respondents were asked what increase in tariff rate tht~y are willing to pay to avoid outages for various outage durations. The direct worth evaluation approach asks consumers to place a monetary value on the effects of c(~rtain interruptions scenarios or to assess the worth to them of not having to experience an interruption. This approach may suffer from the difficulty residential respondents encountered when attempting to give a meaningful answer to direct evaluation questions. This difficulty stems from the lack of respondent experience with markets in which intangible benefits, such as electric service reliability, are exchanged as a commodity. The most serious drawback with this approach is the antagonism many customers have towards price increase, especially those related to es-sential services such as electrical supply. Another drawback is that some respondents think that electric companies should provide a reliable and less costly supply as they feel that electric sector is heavily subsidised by the government. Another approach which has been developed and used is based on a mathematical model. This model can decrease the size of the problem associated with consumer lack of experience in rating the worth of service adequacy. Results of both approaches have been selected and plotted, as Fig. 5 displays, for comparison reason. The curves show some discrepancy which may be ascribed, in the questionnaires results, to the infrequent outage occurrence and subsequently less enthusiasm on part of consumers to respond to outages in buying emergency items or taking any precautionary actions. The model results seem to be higher and this also could be ascribed to the electricity-dependence weight embodied in the estimate due to the link between the use of energy ami the per capita income. 
Conclusion
This paper has presented results of research conducted to assess the perceived losses incurred by the residential sector in the city of Riyadh due to severe electric power outages. It has focussed on the development and implementation of practical and theoretical tools for evaluating an essential factor for the reli~bility of a power system with explicit consideration of consumer outage costs. The results reveal that these outages result in customer's deprivation from social activities, usage of certain essential appliances, and food spoilage. This causes customer's discomfort and anxiety both of which are intangible losses and cannot be quantified in monetary values.
Two approaches, based on customer's losses incurred during outages and his willingness-to-pay to avert these outages, have been developed to estimate the customer's perceived costs should outages occur in specific periods and last for longer durations. The figures obtained for the costs imply a time-dependent non-linear outage cost. One major contribution of this paper is the development of useful tools for system planners, that enable them to incorporate consumer perception and preference in their assessment. Another contribution of this paper is the compilation of residential cost of outages data which can be used as a key input to reliability-cost evaluation in power system planning as demonstrated in Appendix C. 
EIR = 1 _ EENS E
The EIR measures the risk level that can be assigned for planning criteria.
